From Escherichia coli strain c, made F+ by infection with the sex factor F normally carried by E. coli strain K-12, several Hfr ('high frequency of recombination ') strains were derived. Among these, four were found which exhibited a defective growth pattern on minimal media a t 37". Reversion to the F+ state was accompanied by re-establishment of normal growth habit. In the case best studied (strain c-132) the Hfr bacteria form colonies smaller than normal, acquire a rough surface upon prolonged incubation, and are unable to grow at 42". Growth is normal a t room temperature and on rich media; it can be improved by the addition of methionine to minimal media. The rate of reversion from the Hfr to the F+ state (i.e. from defective to normal growth) is of the order of 1/20,000 per generation. Defective growth is not due to a genetic peculiarity of the F factor, nor is it dependent on the map location of the 'origin' or leading end of the particular Hfr strain, or on its direction of chromosome transfer; possibly it results from the manner in which the F factor is integrated at any given chromosomal site.
INTRODUCTION
It is known (see reviews by Jacob & Wollman, 1961, and by Hayes, 1964) that strain K-12 of Escherichia coli carries a genetic element, the sexual fertility factor F which is necessary for the occurrence of genetic recombination by conjugation, and is itself transmissible by cell contact to cells which lack it. The F factor can be carried by cells in two different states, corresponding to the two types of strains, called F+ and Hfr, the latter being recognized by its much higher capacity to give genetic recombination (fertility level) with unidirectional transfer of chromosomal markers, and by low efficiency of transmission of F itself. Little is known about the stability of the two states. Hfr cells originate from F+ cells and can revert to the F+ state. In practice, most F+ cultures contain a small minority of Hfr cells, which might be responsible for all the recombination obtained with an F+ culture and probably most Hfr cultures contain a fraction of F+ cells. The presence of F affects also other properties of the cell that carries it, for example, surface antigens, susceptibility to specific bacteriophages, etc. In general however such properties are more or less equally expressed in both F+ and Hfr cells.
We report here cases in which the presence of the F factor in the Hfr state (but
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I. SASAKI AND G. BERTANI not in the F+ state) produces certain side effects on the carrier cell. These effects seem to depend on the manner in which the Hfr state is established, and disappear when the Hfr cell reverts to the F+ state. The number following the symbol refers to the isolation of the mutant and distinguishes mutants T6; P2-r, to phage P2 (unable to adsorb it).
thr-d, threonine; ura-d, uracil ; zan-d, xanthine (or guanine).
independently isolated which might have identical phenotypes.
&&h abnormalities in Hfr atraim

METHODS
Organisms. The bacterial strains used (Table 1) are all derivatives of Escherichia coli strain c. The F factor, however, originated from E. coli strain K-12. The Hfr strains c-129, c-130, c-131, and c-132 were d l isolated from a culture of strain c-66, following irradiation with ' germicidal ' ultraviolet light, by replica-testing (Lederberg & Lederberg, 1952) some 10,000 surviving colonies for their ability to recombine efficiently with strain c-436, both when selecting for ura+ and urg+, and for w u + and try+. The isolation of other Hfr strains will be described under Results. In collaboration with Dr Beatrice Kelly and Miss Marianne W h a n , we have obtained information (by means of interrupted conjugation experiments) concerning the times of entry of various markers for the Hfr strains mentioned here. These data (to be presented on a later occasion) permit the construction of a preliminary genetic map for strain c (Fig. I) , and the determination of the directions of transfer and of the points of origin of the Hfr strains used, with sufficient precision for the purposes of this report. All strains classified here as Hfr (with the exception of c-512) give under optimal conditions no less than 1 yo recombination frequency (as defined below) when selecting for the leading marker and contra-selecting for a marker sufficiently distant from it.
Media
The compositions of the media used are given below in g.fl. distilled water. Tryptone broth: 10, Bacto-Tryptone (Difco); 5, NaCl; pH 7.0-7.2. For strains which require uracil, this medium was supplemented with 0.005, uracil (although the addition may not be strictly necessary). Fisher, 1957 
Crossing technique
With the exception of some preliminary work, all bacterial crosses were made as follows. The F-bacteria were prepared from a non-aerated overnight culture in tryptone broth, centrifuged once, and resuspended in crossing buffer at a final concentration about 5x108 bacterialml. The F+ or Hfr bacteria were prepared from actively growing (at about 108 bacteriafml.) static cultures in tryptone broth inoculated on the day of the experiment either with a 1/50 volume of a similar culture incubated overnight, or with a suspension made from a whole colony grown on UTA agar. These suspensions were centrifuged once and resuspended in crossing buffer at about lo8 bacteriafml. The suspensions of recipient and donor bacteria thus obtained were mixed in a ratio (v/v) of 3 :1 and incubated for 2 hr. They were then plated, after appropriate dilution in crossing buffer, on the appropriate selective media. As a rule this plating was done by the soft agar layer method (as used for bacteriophage assays). The soft agar (2.5 ml./plate) was prepared by mixing 2 vol. crossing buffer + 1 vol. melted double-strength agar, and was kept at 45" until used. One drop of a 115 dilution of tryptone broth in water was added to each soft agar tube. The plates were inspected after incubation for 48 hr. Control platings were done in an identical manner for the recipient alone, the donor alone, and also for the two together, immediately after mixing. The concentrations of recipient and donor bacteria in the crossing mixture were estimated by viable counts made on tryptone agar (soft agar layer method) of the two suspensions before mixing. The frequency of recombination is expressed as the ratio of the number of recombinants obtained on a given selective medium to the number of donor bacteria in the mixture plated.
For interrupted conjugation experiments (Jacob & Wollman, 1961) to estimate the time of entry of chromosomal Hfr markers, 1/10 dilutions of the crossing mixture were made at various times in 10 ml. chilled crossing buffer, immediately stirred for 5 sec. with an Ultraturrax high speed mixer (Janke & Kunkel KG, Staufen i. Br.) at full speed, and plated. Unless otherwise stated, all incubation was at 37".
RESULTS
Defective growth of Escherichia coli Hfr strain 0132
In the course of recombination experiments with Hfr strain c-132, during several months following its isolation, it was noted that its fertility level tended to decrease with time. It was also accidentally observed that cultures of such a strain, plated by spreading on UTA agar and incubated for 48 hr at 37" gave a heterogeneous Table 2 . Measuremetat of the rate of transition from s-type to n-type ilz Escherichia coli strain c-132
A diluted suspension of one s-type colony in tryptone broth was distributed into many small tubes (0.2 ml./tube) and simultaneously assayed on UTA agar. The tubes were incubated for 5-54 hr. Then for each tube the whole content was spread on a UTA plate (rinsing off the inside of the tube with two drops of added fluid). The plates were scored after 2 days, and more thoroughly after 7 days of incubation, for n-colonies present. Sectored colonies were neglected (although some ambiguity remained in two cases as to the scoring of single n-type colonies in crowded plates). The plates from the assays of the original suspension were also scored for n-type colonies, which were present with a frequency of about 0.2%. The same suspension was used as inoculum in the two experiments. * The n-type clones classified in this group had sizes of 42 (for a ) and 17, 20, 32, and 241 (forb).
We assume they represent the progeny of n-type bacteria present in the inoculum, even though their sizes were smaller than one would expect from the fact that n-and s-bacteria multiply equally well in tryptone broth. The possibility of a difference in the length of the lag period was not investigated. See also note below.
? Approximated as T, In 2/T ( N t -No). This estimate is subject to large errors on at least two counts. (a) The estimates of N , had to be obtained from a small sample of the very crowded plates. (b) The bacteria in the inoculum (a suspension made from an s-colony grown on UTA agar) and those (actively multiplying in tryptone broth) a t the end of the incubation period were obviously in different physiological states : hence the possibility of systematic differences in efficiency of plating affecting unequally the estimates of No and N,. population of colonies (Pl. 1, fig. 1 ). Some of the colonies (n-type) were of normal size (i.e. as large as those of the parent strains C-66 and 064); when picked and restreaked on the same medium they usually gave homogeneous populations of n-type colonies. Other colonies (s-type) were smaller; when picked and restreaked on UTA agar they usually gave a mixed population composed of a majority of s-colonies and a minority of n-colonies. The actual proportion of the latter type fluctuated very much from s-clone to s-clone, as one would expect if the variation were caused by a genetic change taking place randomly in time during the growth of the mother colony. The frequency of occurrence of such a change (transition from s-type to n-type) was measured by the method of Luria & Delbruck (1943) and is of the order of 1 in 20,00O/bacterial generation ( Table 2) . The difference in colony size is clearly due to a difference in growth rate between s-and n-bacteria: the average doubling times for s-and n-bacteria were measured by means of viable counts in liquid cultures, in a medium identical to UTA agar but without agar, at 37O, in the exponential phase of growth, and found to be 100-120, and 60-80 min., respectively. An examination with the microscope revealed no obvious difference between bacteria from s-or n-colonies.
In platings as described above often a small proportion of colonies even smaller than the s-type was seen. This is to be attributed to uncontrolled variations (environmental or physiological as opposed to genetic) : when picked and restreaked on UTA agar such very small colonies behaved in general like the most common type that was present on the plate from which they had originated. They will thus be neglected in what follows.
The use of UTA agar for the early observations was quite accidental. When the phenomenon was first observed, histidine was also present in the medium : as it does not appear to be necessary for the expression of the phenomenon, plain UTA agar was used in later experiments. When tryptophan or arginine or both together were omitted, the efficiency of plating of cultures of strain c-182 (grown in tryptone broth) was decreased and the fraction of very small colonies increased to a point which made the classification of s-and n-colonies very difficult.
Even on UTA agar it was sometimes difficult to recognize immediately upon inspection the two types of colonies. However, when such plates were incubated for 5 or 6 days at 37', the difference between the two types became clearkut : the n-type colonies were smooth in appearance (like those of strains c-66 or c-64 under similar conditions) when observed under a dissecting microscope, whereas the s-type colonies had a rough surface (Pl. 1, fig. 2, 3 ). Often the s-type colonies showed smooth papillae growing from them.
When mixtures of s-and n-bacteria were plated on tryptone agar, homogeneous populations of colonies were obtained (PI. 1, fig. 4) , indistinguishable from those of strains c-66 or c-64. Similarly, the differences between n-and s-types were almost undetectable on Davis medium supplemented with casein hydrolysate. L-methionine (20 pg./ml.) added to UTA agar stimulated the growth of s-type colonies, but not to the extent of obliterating the difference between the two types.
No difference between s-and n-colonies was detected on UTA agar when the plates were incubated a t room temperature (18' to 2%'; PI. 1, fig. 5 ). Conversely, when incubation was at 42', the n-colonies grew more or less normally, whereas the s-colonies as a rule did not appear a t all. The addition of L-methionine permitted Colonies of n-or s-type obtained on UTA agar from strain 0132 were picked and streaked on the same medium. From each streak a daughter colony of the same type as the parent was picked and used as inoculum for a culture. For each such culture, a sample was used in a standard cross to the F-strain c-436, and another sample was plated on UTA agar to estimate the composition of the culture in terms of n and s types (progeny test).
Type The ' nfection tubes' (5 ml. tryptone broth+uracil) were inoculated with small amounts of fully-grown cultures of various strains in the combinations given in the Table. After overnight incubation (during which the F-factor was expected to infect the majority of the F-bacteria present, here represented by strain c-la or strain c-64), fresh cultures in tryptone broth were started from each infection tube and used as donor cultures in a standard cross to the F-strain 01069, selecting on Gal.EMS agar for dr-r gal+ and ura+ ('recombination test '). Selection for ura+ excluded the possibility of a direct participation of the uracil-requiring F-donors in the formation of the recombinants scored. 
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s-bacteria to form colonies at 42'. Also, s-colonies were helped to grow a t the higher temperature by the presence of an n-colony on the same plate: as a consequence, the test for temperature sensitivity was often difficult to interpret. No difference was noted between s-and n-colonies at 42' on tryptone agar.
The s-and n-type colonies behaved quite differently in recombination experiments ( Table 3) . The s-colonies showed fertility values typical of the Hfr strain as originally isolated. The n-colonies behaved like F+ strains, both in fertility level and in their ability to transfer the F factor to F-bacteria as efficiently as other F+ strains ( Table 4) . A sample of a c-132 culture which had been freeze-dried very soon after isolation of the strain was shown to contain, after reconstitution and plating on UTA agar, a majority of s-type bacteria. There must therefore have been representative of the original Hfr isolate.
As one might expect, the mutant derivative c-167 of strain c-132, behaved just like c-132 in respect to the properties described above. Such properties are by no means common to all Hfr derivatives of Escherichia coli c, as shown by the study of the following three Hfr strains which were obtained at the same time and from the same c-66 culture as c-132 was.
Strain c-129 produced on UTA agar homogeneous populations of colonies, indistinguishable from the n-type of c-132. Strain c-130 showed great colony size variability ion UTA agar (the largest colonies being like the n-type of c-132): it was not possible, however, to demonstrate convincingly the inheritance of colony size or a correlation between it and fluctuations in fertility level. Strain c-131 gave homogeneous populations of colonies resembling the n-type. These three Hfr strains grew at 42' as well as did the parental strains c-66 and c-64.
&-isolation of Escherichia coli Hfr strains from low fertility clones of strain c-132, and their properties
Next was examined whether the n-type segregants of strain c-132 could revert to the highly fertile s-type with a measurable probability. In one experiment 10 clones originating from a repeatedly purified n-type segregant of c-132 were analysed by plating on UTA agar (10 plateslclone; average 350 colonies/plate) and looking for small colony variants. The more minute types of colony (perhaps a hundred in the whole sample) were neglected. A total of 87 colonies resembling in size the s-type were picked and streaked on UTA agar. In none of these streaks was found a clearly recognizable proportion of s-type colonies. All 87 colonies were also tested for fertility level by spotting a loopful of each suspension on four different selective agar media coated with a thick suspension of bacteria of the F-strain c-463. One colony gave a significant amount of recombinant growth on such plates and was purified and studied further (strain c-1091) . In another experiment, 10 more clones obtained from another, independently obtained n-type segregant of c-132, were analysed (10 plates/clone ; average 210 colonies/plate), looking for rough colonies or rough-looking sectors after 6 days of incubation. One rough colony and several sectors were found, picked and streaked on UTA agar. Two such streaks were clearly heterogeneous as to colony sizes : one small size colony from each was further purified and shown to be highly fertile in crosses to F-bacteria (strains c-1075 and c-1077, the former originating from the whole rough colony).
The three new Hfr strains thus obtained differ from c-132 in the map positions of their origins (Fig. 1) . Two have the direction of chromosomal transfer opposite to that of c-132. Their other properties are as follows. Strain c-1091, although isolated by selecting a small colony, gives on UTA agar n-type colonies which show, however, a greater size variability than, for example, strain c-66. As in the case of strain c-130, it was impossible to demonstrate genetic heterogeneity. The strain grows reasonably well at 42'. Strain c-1075 behaves like c-132 in respect of colony size variation (PI. 1, fig. 6 ) and correlated fertility changes. It differs from c-132, however, in the following properties. The s-type colonies after 3 days of incubation on UTA agar are partially overgrown by peripheral papillae of n-type bacteria, in consequence of which the colony acquires a characteristic morphology (Pl. 1, fig. 7) .
To obtain reasonably pure populations of s-bacteria it was therefore necessary to pick very young colonies. Although, as with c-132, s-and n-colonies of c-1075 cannot be recognized at room temperature on UTA agar or at 37" or 42" on tryptone agar, unlike strain c-132, the addition of L-methionine to UTA agar did not improve the growth of s-colonies of C-1075. Several n-colonies of c-1075 were tested for fertility level: all were at least 10-100 times less efficient in recombination than the s-colonies. Strain c-1077 gives both s-(Pl. 1, fig. 8 ) and n-colonies, and only the latter breed true. The one n-colony tested showed a fertility value typical of F+ strains. The s-colonies did not grow or grew very poorly at 42" on UTA agar, and were helped by the addition of methionine. Unlike strain c-132, no evident roughness of the scolonies of 01077 appeared on prolonged incubation, and the two types of colonies could be recognized even when grown at room temperature.
Defective growth of an Hfr strain not descended from strain c-132
The ura marker present in c-132 is probably not involved in the phenomena described here; this was shown as follows. The prototrophic strain c-512, originally isolated as a typical Hfr, shows now, after several passages on nutrient agar, a decreased fertility level (about ten-fold higher than that typical of an F+). Several colonies obtained from a subclone of c-512 were tested for fertility level by spotting on F-bacteria, as described above. Two of these showed a high fertility level and were purified and studied further (strains c-1072, c-1073 ). Strain c-1072 (PI. 1, fig. 9 ) showed colony size variation correlated with changes in fertility level, was temperature sensitive and was affected by methionine like strain c-132. The s-colonies of c-1072, however, did not show after long incubation on UTA agar the surface changes typical of strain c-132. The colony size variation was observable when uracil was not added to the medium. With strain c-1073 we did not succeed in showing on UTA agar any inheritable heterogeneity in colony size.
A word of caution may be added about the low recombination values of n-type clones isolated from Hfr strains which show defective growth patterns. Although in some cases the results obtained in recombination tests were sufficiently precise and involved a sufficient number of markers for concluding that the recombination frequency was of the same order as with F+ strains, this conclusion should not be over-generalized. We made no special effort to see whether the frequency of the socalled F' types or of other types which give frequencies of recombination intermediate between those typical of Hfr and F+ strains was particularly high among such normal-growing revertant colonies.
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I. SASAKI AND G. BERTANI DISCUSSION We have shown that under certain conditions some, but not all, Hfr derivatives of Escherichia coli strain c exhibit defective growth patterns. Such patterns are not identical, but have as a common feature their dependence on substrate composition and incubation temperature. This property is apparently contingent upon the Hfr state; normal-growing clones are found in such strains, but they no longer recombine with high frequency and may behave like typical F+. From such revertant clones both Hfr strains showing defective growth pattern and normal-growing Hfr strains can be isolated. These facts suggest that defective growth pattern in the Hfr state is not the consequence of a genetic peculiarity of the F factor involved. Defective growth pattern seems also to be independent of the map position of the origin (i.e. the leading end in unidirectional transfer at conjugation) of the Hfr chromosome or of the direction of transfer. It would seem therefore that defective growth pattern results from the manner in which the bacterium and the F factor interact to establish a given Hfr line.
More specific suggestions can be made starting from Jacob & Wollman's theory of the formation of Hfr strains, and Campbell's (1962) model for the integration of the F factor (and of episomes in general). According to Jacob & Wollman (1961 and earlier), an Hfr clone is formed when the F factor, believed to be present in several freely floating copies in the F+ bacteria, becomes 'integrated' at one of several points on the circular bacterial chromosome, determining thereby the origin and direction of the new Hfr strain. According to Campbell (1962), the F factor is a ring of genetic material which can insert itself into the bacterial chromosome by a single reciprocal cross-over. Such cross-over would require the existence of genetically identical or homologous segments (attachment sites) on the chromosome (chromosite) and on the F factor or episome (episite). The facts clearly indicate the existence of several chromosites at different locations on the chromosome. If all chromosites and the episite were identical, it would obviously be difficult to conceive how the manner of attachment of the F factor can differ for different Hfr strains. It is possible however that : (a) the various chromosites are neither identical nor homologous and therefore several corresponding episites exist ; or (b) the homology within a matching episite chromosite pair is not perfect. In such cases, a variety of modes of insertion of the F factor might ensue, depending on which episite is used for the insertion or at which point within the matching sites the reciprocal cross-over has taken place. The F factor is known to control several properties of the cell that carries it, most likely by possessing some genes which are not usually present in an F-cell. If the insertion point should happen to be within one such gene or block of genes, it is conceivable that detrimental effects may follow for the growth or multiplication of the Hfr cell. There is some evidence supporting the idea that duplication of an Hfr chromosome begins as a rule at the point of attachment of the F factor (Nagata, 1968) . If this be the case, one could also imagine that certain modes of attachment of the F factor interfere under certain conditions with the inception of the duplication process, thereby increasing the generation time of such cells. We are unable to propose at this time a more precise interpretation.
Most of the work on Hfr behaviour has been done with E s c h i c h i a coli strain To our knowledge there is no mention in the literature of similar defective growth patterns for Hfr derivatives of strain K-12, although the F factor used in our work does originate from such a strain. It is possible that the phenomenon observed with derivatives of strain c is to some extent dependent on a lack of reciprocal adaptation between F factor and host genotype. Possibly significant might also be the fact that strain c already grows rather slowly as compared with strain 9-12 and most other E. coli strains.
EXPLANATION OF PLATE
(Magnification : x 2 throughout) Fig. 1 . Mixture of s-and n-type colonies from Eachmkhia coli strain c-132 after 2 days incubation at 3 ' 7 ' on UTA agar. Fig. 2 . Same mixture as in Fig. 1 after 7 days of incubation. Fig. 3 . Colonies of strain c-66 after 7 days of incubation at 8 7 ' on UTA agar. Fig. 4 . Same mixture as in Fig. 1 , after incubation for 1 day at 8 7 ' on tryptone agar. Fig. 5 . Same mixture as in Fig. 1, after 3 days of incubation at room temperature on UTA agar. Fig. 6 . Progeny of an s-type colony of strain c-1075 after 2 days of incubation at 3 7 ' on UTA agar. Fig. 7 . Same as in Fig. 6 after 7 days of incubation. Fig. 8 . Progeny of an s-type colony of strain c-1077 after 2 days of incubation at 3 7 ' on UTA agar (only s-type colonies are present in the picture). Fig. 9 . Progeny of an s-type colony of strain c-1072 after 2 days of incubation a t 3 7 ' on UTA agar. 
